A two-part study was designed to test the hypothesis that a combination of myocardial oxygen and carbon dioxide tensions uniquely determines coronary blood flow during functional hyperemia resulting from cardiac pacing. In the first part, the steadystate three-dimensional relation among coronary venous oxygen and carbon dioxide tensions and the resulting coronary blood flow was determined by altering coronary arterial blood gases at a constant myocardial oxygen consumption. A hyperbolic relation among coronary venous oxygen and carbon dioxide tensions and coronary flow was observed, indicating a synergism between low oxygen and high carbon dioxide tensions. In the second part, this relation was then used to predict flow changes during pacing-induced increases in myocardial oxygen consumption. The hyperbolic relation obtained in the first part predicted about 40% of the increase in flow caused by pacing-induced increases in myocardial oxygen consumption.
Materials and Methods General Preparation
Adult mongrel dogs (25-30 kg) were sedated with morphine sulfate (2.5 mg/kg s.c.) and anesthetized 1 hour later with 100 mg/kg a-chloralose. Anesthesia was maintained with an a-chloralose infusion (5 mg/ kg/hr) and 500-mg supplements, as needed. The metabolic acidosis commonly associated with a-chloralose anesthesia was treated with an intravenous infusion of 1.5% sodium bicarbonate solution ( 
Heart Block and Ventricular Pacing
Closed-chest atrioventricular heart block was produced as described by Ito and Feigl.5 A cannula was inserted into the right external jugular vein and, with the aid of fluoroscopy, advanced to the region of the atrioventricular node. A hollow needle, housed within the cannula, was advanced into the nodal region, and formalin was injected. After successful completion of the block, the cannula was replaced by a pacing wire (No. 5651, USCI, Billerica, Mass.) that was advanced to the apex of the right ventricle. The ventricles were paced at a constant rate (70 or 80 beats/min for different animals).
Left Main Coronary Artery Perfusion
The experimental preparation is shown in Figure  1 . The left main coronary artery was cannulated, closed-chest, with a stainless-steel, balloon-tipped cannula67 via the right common carotid artery. Coronary artery pressure was measured at the tip of the cannula via an inner steel tube connected to a strain gauge manometer (Statham P23Id). A servo-controlled roller pump maintained mean coronary artery FIGURE 1. Schematic diagram of the closed-chest experimental preparation. Heart rate was controlled via a pacing wire advanced to the right ventricular apex after atrioventricular heart block. The left main coronary artery was cannulated and pump-perfused at a constant pressure of 90 mm Hg with blood drawn from a femoral artery (Fem. a. At the end of the experiment, coronary perfusion pressure was set 50 mm Hg greater than aortic pressure and a crystal violet dye-10% ammonia solution was injected into the coronary cannula. Upon postmortem examination, dye found staining the aorta was an indication of an inadequate seal of the cannula around the coronary ostium, and these experiments were discarded. The stained regions of the myocardium were excised and weighed to determine the total myocardial tissue perfused by the left main coronary artery. All coronary flow values were calculated as the quotient of flow and perfused myocardium and were expressed as milliliters per minute per gram. A two-part experiment was designed to test the hypothesis that myocardial oxygen and carbon dioxide tensions determine coronary blood flow. For the first part of the experiment, heart rate (and myocardial oxygen consumption) was held constant while coronary arterial gas tensions were independently varied. The steady-state relation describing coronary venous Po2, Pco2, and coronary blood flow at a constant myocardial oxygen consumption was thus determined.
In the second part of the experiment, coronary arterial gas tensions from the oxygenator were held constant in the normal range (P02 90-120 mm Hg, Pco2 34-41 mm Hg, pH 7.36-7.45), myocardial oxygen consumption was increased by a step increase in heart rate, and the resulting steady-state changes in coronary venous Po2, Pco2, and coronary blood flow were recorded. The previously determined mathematical relation describing coronary venous Po2, Pco2, and flow during constant myocardial oxygen consumption was then used to predict the change in flow elicited by a pacing-induced increase in myocardial oxygen consumption, given the resultant coronary venous Po2 and Pco2 values. The rationale was that if only Po2 and Pco2 determine coronary flow, then this relation should predict 100% of the functional change in flow observed during the increase in myocardial metabolism. Figure 2 depicts the time protocol for the experiment. The two parts of the experiment were run in an alternating manner for each dog. Initially, heart rate was held at 70 or 80 beats/min (depending on the animal) and step changes in the gas composition supplying the oxygenators were produced, yielding a change in the local coronary arterial Po2 and Pco2. Once steady state was achieved (-5 minutes), simultaneous coronary arterial and venous blood samples were collected. This was repeated four or five times with different changes in the oxygenator gas composition. In the second portion of the protocol, coronary arterial blood gases were maintained in the normal physiological range and two periods of pacing tachycardia were produced when heart rate was increased from 70 or 80 beats/min to 140 or 160 beats/mmn, depending on the experimental animal. Expertimental Criteria Criteria were established, a priori, to ensure that the data to be analyzed were within the normal range of local metabolic control. Coronary venous oxygen tensions were restricted to the range of 10-25 mm Hg. The upper limit was set to avoid data from vasodilated preparations, since coronary venous oxygen tension is normally below 20 mm Hg20 and autoregulation is diminished above 25 mm Hg. 21 The lower limit is an estimate of when the myocardium is ischemic.22,23 For the first part of the experiment, when myocardial oxygen consumption was to be constant, any data associated with myocardial oxygen consumptions greater than +2 SD from the mean myocardial oxygen consumption (for that individual) were treated as outliers and excluded from analysis. Four points from three dogs were excluded because of outlying myocardial oxygen consumptions. In addition, post hoc evaluation of the data yielded five points from three dogs that were excluded because the values of coronary venous oxygen and carbon dioxide tensions were far removed from the other data points, requiring extrapolation of the nonlinear regression model. When low arterial oxygen tensions were associated with myocardial lactate production (negative extraction), indicating ischemia, the data were excluded from subsequent analysis.
Results

Relation Between FlowXO2 Capacity and Coronary Venous Oxygen and Carbon Dioxide Tensions During
Constant Myocardial Metabolism
The overall ranges of coronary venous gas tensions obtained by varying local coronary arterial gas tensions were Po2 10-25 mm Hg, Pco2 34-70 mm Hg, and pH 7.236-7.540. Each dog exhibited a unique range of coronary venous gas tensions, but no individual dog exhibited coronary venous gas tensions spanning the overall range. Regression analysis was restricted to the range of coronary venous gas tensions obtained for each dog to avoid extrapolation of the data. In all cases, the range of coronary venous P02 and Pco2 obtained during changes in coronary arterial gas tensions encircled the values obtained during pacing and normal arterial gas tensions. This permitted testing of the synergistic interaction of coronary venous Po2 and Pco2 during pacing without extrapolating.
The three-dimensional relation between the corrected flowx02 capacity and coronary venous oxygen and carbon dioxide tensions for one dog is shown in Figure 3 . The plot of the observed versus predicted flowx02 capacity (Figure 4 ) demonstrates the goodness of fit of this regression model. The regression and multiple correlation coefficients for each of the seven dogs are given in Table 1 . An average regression surface was calculated by averaging the regression coefficients from the seven dogs (Table 1 ) and is shown in Figure 5 .
fiOW02cpacty=P02-0.39-PC02+23.9
with an r2=0.596. Note that the hyperbolic relation reflects a synergistic interaction between coronary venous oxygen and carbon dioxide tensions with respect to controlling coronary flow. The response of coronary flow to changes in coronary venous oxygen tension is less at a low coronary venous carbon dioxide tension than at a high coronary venous carbon dioxide tension. Likewise, the sensitivity of coronary flow to changes in coronary venous carbon dioxide tension is less at a high coronary venous oxygen tension than at a low coronary venous oxygen tension.
Relation Between FlowxO2 Capacity and Coronary
Venous Oxygen and Carbon Dioxide Tension During Increases in Myocardial Metabolism
A response of coronary blood flow and coronary venous oxygen tension to pacing tachycardia is shown in Figure 6 . Increasing heart rate from 80 to 140 beats/min elicited a rapid rise in coronary flow from 0.58 to 0.82 ml/min/g and a decrease in coronary venous oxygen from 23 to 19 mm Hg. Coronary venous carbon dioxide tension, not shown, increased from 48 to 50 mm Hg. Average changes in myocardial oxygen consumption were modest, with a mean increase of 53% (range, 45-64%). The associated changes in coronary venous oxygen and carbon dioxide tension were also small.
The mathematical relation derived from the first part of the experimental protocol, when myocardial oxygen consumption was fixed, was used to predict the coronary flow change elicited by pacing tachycardia. The Figure 6 , is shown in Figure 7 . Figure 6 . The observed (triangles) and predicted (circles) coronaty flow values, normalized to the oxygen-carnying capacity of the blood (FLOWx02 CAPAC-ITY) are plotted as a function of the coronary sinus oxygen (CS P02) and carbon dioxide (CS PCO2) tensions for heart rates of 80 and 140 beats/min. The predicted FLOWxO2 CAPACITY was calculated from the average regression equation ( Figure 5 , The relative sensitivity of coronary flow to changes in coronary venous carbon dioxide tension as compared with changes in coronary venous oxygen tension is remarkably similar to the present findings (0.44 as compared with 0.39). Mohrman and Regal24 described a qualitatively similar hyperbolic relation among venous oxygen and carbon dioxide tensions and blood flow in a constant-pressure, pump-perfused muscle preparation in which both muscle oxygen consumption and arterial blood gas composition were changed.
Inspection of the relation between oxygen and carbon dioxide tensions and coronary flow described in the present study ( Figure 5 ) reveals that the gain (slope) of the oxygen-coronary flow or carbon dioxide-coronary flow relation depends on the prevailing coronary venous gas tensions. For example, if coronary venous carbon dioxide tension is altered when coronary venous oxygen tension is high (e.g., 25 mm Hg), then only a small response in coronary flow will be observed. However, if the same change in coronary venous carbon dioxide is induced when coronary venous oxygen is low (e.g., 10 mm Hg), then a large change in coronary flow will be observed. Similarly, the oxygen-coronary flow relation is steep at high venous carbon dioxide tensions and relatively flat at low carbon dioxide tensions ( Figure 5 ). A consistent increase in coronary flow during arterial or coronary venous hypoxia has been reported by many investigators2,26; however, there has been some disagreement on the vasoactive potency of carbon dioxide. Systemic hypercapnia in 3-blocked27 and unblocked28 preparations caused little or no increase in coronary flow, while others attribute substantial vasodilatory activity to carbon dioxide.3A4,29-32 However, van den Bos et a127 reported that coronary venous oxygen tension significantly increased in response to hypercapnia, most likely resulting from a rightward shift of the oxyhemoglobin dissociation curve. These investigators suggested that the increased venous oxygen tension may have induced a vasoconstrictor response that masked the vasodilatory response to carbon dioxide. The hyperbolic relation described in the present study between coronary venous oxygen and carbon dioxide tensions supports that interpretation. Rooke and Sparks28 did not report coronary venous oxygen tension but did report an increase in coronary venous oxygen content during hypercapnia. The presumed accompanying increase in coronary venous oxygen tension could account for the lack of carbon dioxide-induced vasodilation reported in that study. Thus, the apparent discrepancies in the literature may be explained by the synergistic action between oxygen and carbon dioxide shown in Figure  5 , that is, little carbon dioxide sensitivity with high venous oxygen tensions but good carbon dioxide sensitivity with low oxygen tensions.
Changes in arterial carbon dioxide tension or hydrogen ion concentration (pH) will shift the oxyhemoglobin dissociation curve,33 affecting oxygen delivery to the myocardial tissue. Mehmel et a134 reported that a leftward shift in the oxyhemoglobin dissociation curve induced by increasing arterial pH caused an increase in coronary blood flow. In the present study, a decrease in carbon dioxide tension was associated with an increase in pH and a decrease in coronary flow. The common denominator that may reconcile these seemingly discordant results is coronary venous oxygen tension. Mehmel et a134 reported that a slight decrease in coronary sinus oxygen tension (from 19 to 17 mm Hg) was associated with the increase in coronary flow. The increase in coronary flow in response to a decrease in coronary sinus oxygen tension is consistent with the results of the present study.
The mechanism of action of oxygen and carbon dioxide tensions on coronary flow was not specifically addressed in this study. Wexels et a135 reported that the increase in coronary flow induced by hypercapnia was abolished when pH was normalized by sodium carbonate infusion, suggesting that the mechanism of the hypercapnic increase in coronary flow was via hydrogen ions. Because hydrogen ion concentration covaried with carbon dioxide tension in the present study, the hyperbolic relation was nearly as well described when hydrogen ion concentration was substituted for carbon dioxide tension. The observed relation is also consistent with a mechanism involving an intermediary effector such as adenosine, but that was not tested in the present experiment.
The critical test of the hypothesis is not whether coronary venous oxygen and carbon dioxide tensions are correlated with coronary blood flow independent of changes in myocardial oxygen consumption, but whether this relation accounts for the change in coronary flow during functional hyperemia. The latter question was addressed by using the mathematical relation between coronary venous oxygen and carbon dioxide tensions derived during constant myocardial oxygen consumption to predict the change in coronary flow observed when myocardial oxygen consumption was increased by pacing. The data indicate that approximately 40% of the functional hyperemic response to pacing tachycardia was predicted by the observed changes in coronary venous oxygen and carbon dioxide tensions, regardless of whether the individual (paired design) or average (n=7) regression relation was used ( It should be emphasized that the functional hyperemia in the present experiments was modest, since myocardial oxygen consumption was increased by only about 50%. This is far below the fourfold to fivefold increase in myocardial oxygen consumption and coronary flow associated with maximal exercise.3738 Under such circumstances, the described relation among coronary venous oxygen and carbon dioxide tensions and coronary flow would predict less than 40% of the functional hyperemia, since the changes in coronary venous oxygen and carbon dioxide tensions are no greater than observed in the present study. During physiological conditions, coronary blood flow will be under autonomic control, as well as local metabolic control, which is the topic of the present investigation. 2 The assumption underlying the present study is that coronary venous oxygen and carbon dioxide gas tensions may be used to estimate myocardial gas tensions. Any type of shunting will adversely affect the relation between coronary venous and myocardial gas tensions. Experiments with various diffusible indicators indicate that countercurrent diffusional shunting occurs in the myocardium3940; however, Katz and Feigl41 found that the magnitude of countercurrent diffusional shunting of carbon dioxide is quite small. Thus, countercurrent diffusional shunting of carbon dioxide or oxygen probably does not affect the results of the present study. Any heterogeneity in the match between local metabolism and microvascular flow (including nonexchanging shunts) will result in a disparity between tissue and venous oxygen tensions analogous to alveolar ventilation/flow (VA/Q) heterogeneity in the lung, causing an alveolar-arterial difference. Metabolism/flow heterogeneity will produce a mixed coronary venous oxygen tension that is higher than the average tissue value in the myocardium, and this could be a reason that changes in coronary blood flow cannot be completely predicted from venous measurements. Microelectrode 
